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impair the rate at which species and whole communities adapt to envi-
ronmental change, depending on the traits of genotypes and species in
the source pool relative to local conditions. These responses, in turn, will
determine how well whole communities function in changing environ-
ments. We tested the effects of immigration and experimental warming
onmicrobial communities during an 81-day ﬁeld experiment. The effects
of immigration depended on the warming treatment. In warmed com-
munities, immigration was detrimental to community growth, whereas
in ambient communities it was beneﬁcial. This result is explained by
colonists coming from a local species pool preadapted to ambient con-
ditions. Loss of metabolic diversity, however, was buffered by immigra-
tion in both environments. Communities showed increasing local adap-
tation to temperature conditions during the experiment, and this was
independent ofwhether they received immigration.Genotypes that com-
prised the communities were not locally adapted, however, indicating
that community local adaptation can be independent of adaptation of
component genotypes. Our results are consistent with a greater role
for species interactions rather than adaptation of constituent species
in determining local adaptation of whole communities and conﬁrm that
immigration can either enhance or impair community responses to en-
vironmental change depending on the environmental context.
Keywords: immigration, adaptation, local adaptation, warming, experi-
mental evolution, microbial communities.
Introduction
The growth and functioning of communities arise from traits
of the communities’ component species. Likewise, whether
communitiesmaintain ecological functioning in changing en-
vironments may depend on adaptation of component species
to the new environment as well as changes in species abun-
dances and interactions. Inmicrobial communities, thesepro-
cesses can act over short timescales and have large impacts on* Corresponding author. Present address: Institute of Evolutionary Biology,
Ashworth Laboratories, Charlotte Auerbach Road, Edinburgh EH9 3FL, United
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and water puriﬁcation (Stottmeister et al. 2003). Yet, despite
our reliance on the services that microbial communities pro-
vide, there is limited understanding of how these complex
communities respond to environmental change. A key ques-
tion is to what extent communities respond to environmental
change locally—for example, by adaptationof constituent spe-
cies or species sorting—rather than by the immigration of
genotypes or species already adapted to new conditions.
Immigrationhasbeen shown to enhance adaptationof sin-
gle species to environmental change in laboratory organisms,
such asPseudomonas aeruginosa adapting to antibiotics (Per-
ron et al. 2007) and yeast adapting to increasing salinity (Bell
and Gonzalez 2009). Immigration can even prevent local ex-
tinctions by providing genetic variation for natural selection
to act on (Holt and Gomulkiewicz 1999; Tallmon et al. 2004;
Blanquart et al. 2012). However, intermediate rates of dis-
persal may be optimal for adaptation under some circum-
stances (Vogwill et al. 2008; Bell and Gonzalez 2011). This
is because dispersal can hinder adaptation if the inﬂux of
maladapted genotypes swamps the process of natural selec-
tion (Mayr 1963; Moore and Hendry 2009). The effect of
immigration on adaptation, therefore, depends critically
on whether a population is locally adapted (i.e., whether
“native” genotypes have higher ﬁtness in their environment
than “foreign” genotypes; Kawecki and Ebert 2004). Recip-
rocal transplant experiments often show that species are
locally adapted (e.g., Joshi et al. 2001; Belotte et al. 2003; Laine
2008), but this is not always the case (e.g., Fox et al. 2015).
The growth and functioning of a whole community, which
arises from the traits of component species, should similarly
depend on immigration. Whether ecological functions are
maintained in diverse communities will depend on whether
species can persist and adapt to new conditions (Gonzalez
et al. 2013). For example, functions that are performed by
rare species, such as the metabolism of recalcitrant com-
pounds (McGuire and Treseder 2010), may be dependent
on immigration to prevent local extinction of those species.
Adaptation of component species could be enhanced or im-8.012.147 on February 03, 2016 01:55:29 AM
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Immigration and Adaptation to Warming 237paired by immigration, as outlined above. In addition, im-
migration might result in colonization by new species or ge-
notypes that have tolerance for a wide range of conditions
and are therefore preadapted to the new environmental con-
ditions (Ackerly 2003; de Mazancourt et al. 2008; de Meester
et al. 2011), especially with long-range microbial dispersal
(Nemergut et al. 2011). These colonists might restore, main-
tain, or even enhance ecological functions (Székely et al. 2012).
If whole-community adaptation strongly depends on species
interactions, however, then the nature of interactions (nega-
tive, neutral, or positive) might be as inﬂuential as immigra-
tion in shaping adaptation (Lawrence et al. 2012). If species
are coadapted to local environments, local extinction might
cause greater loss of ecological functioning than can be re-
stored by immigration of new species in the short term. The
complexity of natural communities makes it challenging to
understand the interplay between adaptation, immigration,
and species interactions, and this limits our ability to predict
community-wide responses to environmental change.
Warming is of particular interest. Microbial communi-
ties are predicted to face warming over the coming decades
due to climate change (Parry et al. 2007), and river and lake
ecosystems are already being affected by urban heat pollu-
tion (Daufresne and Boët 2007). Temperatures change not
only over decades but also seasonally and diurnally. Species
that can survive a broad range of temperatures over short
periodsmay not withstand long-term changes, and this could
have implications for community composition and ecosys-
tem functioning.Howdiverse communities respond towarm-
ing will depend on many processes. Warming can alter com-
munity composition, for example, if sensitive species are lost
and species tolerant of higher temperatures increase in abun-
dance or invade (Wang and Kanehl 2003; Dang et al. 2009;
Wang et al. 2011; Grigaltchik et al. 2012). Changes in compo-
sition can further affect species interactions, for example, if
coevolved mutualisms are disturbed (Warren and Bradford
2014). In addition, species might cope with higher tempera-
tures via phenotypic plasticity or evolve tolerance through
genetic changes. Together, these processes will determine the
robustness of community functioning to the increase in tem-
perature. These different mechanisms by which the compo-
sition, abundance, and interactions between speciesmay change
could lead community functioning to be altered in response
to environmental changes such as warming. In fact, commu-
nity local adaptation may be different from—or even inde-
pendent of—adaptation of component species.
Here we use experimental manipulations of decomposer
microbial communities to investigate how immigration affects
local adaptation at both the community and the species levels
in a changing environment. Many studies have experimen-
tally warmed communities or observed natural variation to
investigate the effects of warming. They ﬁnd that respiration
rates increase with warming (Demars et al. 2011) and thatThis content downloaded from 155.19
All use subject to University of Chicago Press Termthis is associated with changes in community composition
(Zhang et al. 2005). Yet, this effect is often temporary (Eliasson
et al. 2005); for example, over the long term, there is little dif-
ference in microbial respiration rates in temperate and cool
oceans (Rivkin et al. 1996) and ambient and warmed soils
(Bradford et al. 2008). This might reﬂect either immigration
of genotypes and species able to cope with higher tempera-
tures or in situ sorting and evolution of the initial species.
Distinguishing these alternatives requires direct comparison
of open and closed communities.
We exposed naturally assembled diverse communities of
microbes to experimental warming in the ﬁeld and controlled
immigration into them. Following a period of warming, we
assessed the effect of immigration and warming on commu-
nity growth and metabolic functional diversity as a measure
of ecological functioning. Our setup allowed natural ﬂuc-
tuations in abiotic conditions and immigration of wild phe-
notypes but also retained some of the control and tractability
of laboratory experiments. We also tested whether the local
adaptation of communities was related to the local adapta-
tion of component species. If species in a community have
similar responses to abiotic conditions, we would expect local
adaptation of individual species within a community to mir-
ror local adaptation of the whole community. If, instead, spe-
cies interactions predominate in determining the growth of
the entire community, growthof species isolates innative con-
ditions compared to isolates from foreign conditions might
poorly predict the growth rate of the entire community, as
we previously observed in a laboratory mesocosm of four
species (Lawrence et al. 2012).Material and Methods
Microcosms, Media, and Treatments
Following Bell (2010), we used artiﬁcial aquatic microcosms
that mimic tree holes of beech trees (Fagus sylvatica) as a
controlled system in which we could manipulate migration
and temperature but that contained naturally co-occurring
microbes in a diverse community of hundreds of species.
Our factorial design exposed ﬁve replicated microcosms to
each combination of two levels of warming (ambient tem-
perature and increasing temperature) and two levels of im-
migration (no immigration and immigration). Before the
start of the experiment, microbes were allowed to colonize
open bottles containing sterile beech tea medium. Beech tea
was prepared by autoclaving 50 g of autumn beech leaves
in 500 mL of water and diluting the ﬁltrate 32-fold. In July
2011, six open bottles, each containing 240mLof sterile beech
tea, were placed under beech trees along a ∼100-m transect.
After 22 days, 2-mL aliquots were frozen at2807C and the re-
mainder was homogenized to create a single starter culture.
Microcosms were 250-mL Duran bottles ﬁlled with 220 mL8.012.147 on February 03, 2016 01:55:29 AM
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the evolution experiment, immigration was prevented using
rubber stoppers (BugStoppers; GE Healthcare, Little Chal-
font, United Kingdom), which were pierceable and con-
tained a breathable membrane impenetrable to microbes.
Bottles were placed under beech trees in ﬁve blocks (between
20 and 100 m apart), each of which contained a single bottle
for each treatment combination.Controlling Migration
To ensure that the microcosms differed only in whether
they received immigration, all microcosms remained sealed
throughout the experiment to control for confounding ef-
fects of different rates of evaporation or addition of organic
material that could occur if vials from the immigration treat-
ment were left open. Immigration was then simulated as fol-
lows. Each vial from the immigration treatment was paired
with an open vial containing 220 mL of sterile beech tea
(placed directly adjacent to andmaintained at the same tem-
perature as the experimental bottle). Every 9 days, 1 mL of
liquid from the open vial was transferred to the sealed bottle.
The open vial was then replaced with one containing sterile
beech tea. Bottles in the immigration treatment therefore re-
ceived inocula exposed to the environment without altering
physical conditions.Sampling and Temperature Manipulation
Samples were taken every 9 days for 81 days. At each time
step, a sterile syringe and needle were used to remove 30mL
from eachmicrocosm. The sample was replaced with 30mL
of sterile beech tea (or 29 mL in the immigration treatments
plus 1 mL from the paired open vial). Samples were returned
to the laboratory, and 2-mL aliquots were frozen at2807C in
80% glycerol. These samples were used later for culturing
isolates and terminal-restriction fragment length polymor-
phisms (T-RFLPs). Growth assays and metabolic function
assays were performed on fresh culture on the same day that
samples were taken from the ﬁeld. The warmed microcosms
were maintained at a constant temperature above ambient
(ﬁg. A1; ﬁgs. A1–A7, tables A1–A8 are available online) us-
ing heating coils (Parasene soil warming cable; PPW, Ox-
ford). Average temperatures were veriﬁed using temperature
loggers (iButton;Maxim, San Jose, CA). Immediately follow-
ing sampling, which took place every 9 days, the thermostats
were adjusted so that the divergence in temperature between
treatments gradually increased during the experiment. For
warmed microcosms, this resulted in an average increase
above ambient of 0.57C every 9 days (ﬁg. A2). During the ex-
periment, the mean seasonal change in temperature was a
decrease of approximately 87C (from the end of August to
the beginning of November 2011), and so the mean ambientThis content downloaded from 155.19
All use subject to University of Chicago Press Termtemperature decreased during the experiment, whereas the
warmed treatment had a relatively constant temperature over
time (ﬁg. A1). Diurnal ﬂuctuations in temperature reached
a maximum of approximately 137C. The difference in mean
temperature of the warmed and ambient treatments ranged
from a minimum of 77C (days 9–18) to a maximum of 137C
(days 63–72; ﬁgs. A1, A2). This extent of temperature change
is representative of some cases of anthropogenic warming
of aquatic ecosystems; for example, loss of riparian shading
(Hester and Doyle 2011) and discharge from power plant
cooling systems (Madden et al. 2013) have been shown to
elevate temperatures to a similar degree. Themaximum tem-
perature reached in warmed communities was 387C com-
pared to 287C in ambient communities. Therefore, the max-
imum elevation inmean temperature caused by the warming
treatment was equivalent to diurnal temperature ﬂuctuations
but caused the upper temperature extreme to be higher. The
temperature elevation was sustained over 81 days, and as a
result the warming treatment was expected to cause a signif-
icant perturbation to the microbial communities. The differ-
ence in mean temperature between ambient and warmed
microcosms increased signiﬁcantly over the course of the
experiment (Pearson’s correlationp 0.73, dfp 6, tp 2.59,
Pp .041; ﬁg. A2).Community Growth, Metabolic Function Assays,
and T-RFLP Proﬁles
Samples from each microcosm were reciprocally assayed for
total growth in their native environment (the average tem-
perature that they were exposed to during the preceding
9 days) and in the foreign environment (the average tem-
perature of the other treatment during the preceding 9 days).
At every time step (9 days), growth was measured using op-
tical densities at 600 nm (OD600) averaged across three repli-
cates for each sample: 20 mL of each sample was suspended
in 180 mL of beech tea in a 96-well plate and incubated for
96 h. The OD600 was measured every 24 h and subtracted
from negative controls of sterile media.
Metabolic functional diversity was measured throughout
the experiment to determinehow the treatments affectedmeta-
bolic performance of the communities. At the start of the
experiment and at every third time step (i.e., days 27, 54,
and 81), metabolic function of whole-community samples
was measured for replicates 1, 3, and 5 from each treatment
using Biolog GN2 microplates, which assay growth rates of
the community on 95 different carbon sources. Biolog GN2
plates were incubated at 257C for 24 h. The OD570 was mea-
sured immediately and at 24 h. Of the 95 carbon substrates,
11 were not metabolized by any community and were ex-
cluded from subsequent analyses.
We used T-RFLPs to proﬁle the bacterial communities
contained within the microcosms. The T-RFLPs provide a8.012.147 on February 03, 2016 01:55:29 AM
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cutting ampliﬁed 16S DNA using a restriction endonucle-
ase. The range of fragment sizes that results gives an indica-
tion of the diversity of genotypes in the community. Proﬁles
of the initial community and replicate communities 1, 3,
and 5 from days 27, 54, and 81 were analyzed (for T-RFLP
protocol, see the appendix, available online). Only fragments
that fell in the range 40–510 nucleotides were used for anal-
ysis. Relative abundances were calculated as the ratio be-
tween the ﬂuorescence of each terminal restriction fragment
(T-RF) and the total ﬂuorescence of all T-RFs of that sample.
Shannon diversity was calculated using the number of T-RFs
per sample.Local Adaptation of Isolates
We isolated separate genotypes by diluting 100mL of cryopre-
served samples from day 81 (replicates 1, 3, and 5) in 100 mL
of beech tea. Sampleswere then spread on hardR2 agar (20mL
of sample). After 18 days of growth at 217C, 42 randomly se-
lected isolates from each community were chosen and re-
suspended in 100 mL of beech tea. After growth for 72 h at
207C, 5 mL of the culture was plated on hard R2 agar and
allowed to grow at 217C for 7 days before 10 colonies per
mesocosm that appeared to be monoculture were randomly
selected to be resuspended in 200 mL of beech tea. These
cultures were incubated at 247C for 48 h. Within the 10 col-
onies selected per mesocosm, there were at least three or four
colony phenotypes (with the exception of one case where
there were two). Based on past 16S sequencing of tree-hole
bacteria, these phenotypically different colonies are likely to
be different species (Lawrence et al. 2012; Fiegna et al. 2015).
Colony phenotypic diversity did not differ signiﬁcantly be-
tween treatments (ANOVA: F2, 9p 1.98, Pp .19). For
growth assays of the isolates, 10 mL of the bacterial cultures
was resuspended in 90 mL of beech tea and the OD600 was
measured immediately and every 24 h for 96 h. All cultures
were assayed in their native environment (the average tem-
perature that they were exposed to during the preceding
9 days) and in the foreign environment (the average temper-
ature of the other treatment during the preceding 9 days).Statistical Analyses
We used linear mixed-effects models (lmer, lme4 library)
with random error structures to account for temporal pseu-
doreplication caused by repeated sampling of the same mi-
crocosms over time and spatial autocorrelation caused by
blocking. In all models, the main explanatory variables were
warming treatment, immigration treatment, and time step
(as a factor). In some models, additional explanatory vari-
ables such as species diversity were used. To select the min-
imum adequate model, we began with the maximal modelThis content downloaded from 155.19
All use subject to University of Chicago Press Termand sequentially removed the least signiﬁcant interaction terms.
At every step, we used ANOVA using maximum likelihood
to ensure that the simpliﬁcation did not signiﬁcantly reduce
the explanatory power of the model. ANOVAs were used
to contrast particular treatments of interest. To report the
direction and effect size of differences among treatments,
we used the total change in optical density over 24–96 h of
growth assays as a measure of total growth. Total growth of
the community during the assay was used as the measure
of growth rather than the maximum growth rate because the
experimental evolution regime meant that resources were re-
plenished only every 9 days and therefore rapid early growth
would not necessarily be advantageous to the genotypes within
the communities. To test the hypothesis that immigration
would prevent the loss of metabolism of complex com-
pounds, 43 of the carbon substrates present on Biolog plates
were identiﬁed as either recalcitrant (23 substrates) or labile
(20 substrates) according to their molecular structure (Tre-
seder et al. 2011), and this was included as an additional ex-
planatory variable in the minimum adequate model for
change in metabolic function over time. The T-RFLP data
andmetabolic proﬁles were analyzed withmultivariate statis-
tics (appendix).
The degree of local adaptation of communities deﬁned as
(growth of native community – growth of foreign community)/
growth of native communitywas compared to themean local
adaptation of isolates within each community, deﬁned for
each community as the mean of (growth of native isolate –
mean growth of foreign isolates)/growth of native isolate.
Local adaptation of communities and mean local adaptation
of isolates were combined into a single vector and used as a
response variable in an lmer with the explanatory variables
of temperature regime (ambient or warm), migration treat-
ment (immigration or no immigration), and measure type
(community or isolates), withmicrocosm as a random effect.
A Tukey honest signiﬁcant difference test was used to com-
pare local adaptation for each temperature regime. All statis-
tical analyses were performed in R (R Development Core
Team 2011).Results
Effect of Warming and Immigration on Total
Community Growth over Time
Experimental warming caused the total growth of commu-
nities to decrease between the initiation of the experiment
and day 45. After this, growth recovered marginally but re-
mained depressed relative to the start of the experiment
(ﬁg. 1A). In contrast, communities that experienced ambi-
ent temperatures maintained high total growth until day 54
and then suffered a sudden decrease in total growth be-
tween days 54 and 63 followed by a marginal recovery to-8.012.147 on February 03, 2016 01:55:29 AM
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240 The American Naturalistward the end of the experiment (ﬁg. 1A). These differing
effects of temperature regime on total community growth are
reﬂected by the signiﬁcant interaction between time step and
warming treatment that explains approximately 30% of the
model deviance in total growth (ANOVA of lmer interac-
tion between warming treatment and time step: F7, 117p 21.0,
mean square error [MSE]p 0.0006, P ! .001; table A1). The
variance in total growth between replicate communities didThis content downloaded from 155.19
All use subject to University of Chicago Press Termnot vary signiﬁcantly during experimental evolution (linear
model of variance over time: F1, 30p 0.32, P1 .05).
We hypothesized that immigration would be beneﬁcial
to community growth regardless of the warming treatment
because immigration would introduce novel species and ge-
netic diversity for natural selection to act on. Contrary to our
expectations, we found that the effect of immigration de-
pended on the warming treatment. Immigration enhancedA
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Figure 1: Growth and metabolic function of microbial communities throughout the warming experiment. Total community growth (A) and
metabolic functional diversity (B) throughout the experiment. Error bars are 5SE of community growth of ﬁve replicate communities and
of metabolic function of three replicate communities. Black linesp communities exposed to ambient conditions; gray linesp communities ex-
posed to experimental warming; solid linesp communities that received immigration; dashed linesp communities that did not receive immi-
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Immigration and Adaptation to Warming 241total community growth in the ambient communities but re-
duced total community growth in the warmed communities
(ANOVAof lmer interaction betweenwarming treatment and
immigration: F1, 117p 9.7, MSEp 0.0003, P ! .01; ﬁg. 1A; ta-
ble A1). There was not a signiﬁcant effect of immigration
treatment on Shannon diversity (lmer: F1, 19p 0.97, MSEp
33.0, Pp .34).
The shape of the community growth curves varied con-
siderably betweenwarming treatments and over time (ﬁg. A3).
During the ﬁrst half of the experiment, both warmed and
ambient communities had Monod-shaped growth curves,
with rapid early growth approaching an asymptote toward
the end of the assay. As the temperature dropped, ambient
communities did not maintain rapid doubling rates and whole-
community growth curves were no longer signiﬁcantly non-
linear (ANOVA comparing models with time as a factor
vs. time as a continuous variable: likelihood ratio p 2.18,
dfp 158 and 156, Pp .30). In contrast, microbes in
warmed communities retained rapid early growth approach-
ing an asymptote throughout the experiment (ANOVA com-
paring models with time as a factor vs. time as a continu-
ous variable: likelihood ratio p 3.09, dfp 158 and 156,
P ! .05). Thus, warming (resulting in a relatively constant
temperature over time) facilitated the maintenance of rapid
doubling rates in these communities (ﬁg. A4).Effect of Warming and Immigration on
Metabolic Functional Diversity
Metabolic functional diversity declined rapidly in the warmed
treatments before recovering slightly toward the end of the
experiment (ﬁg. 1B). Functional diversity declined in the am-
bient communities during the experiment but at a slower
rate than in thewarmed communities throughout. The inter-
action between warming treatment and time step on meta-
bolic functioning was signiﬁcant but explained only a small
amount of model deviance in metabolic functional diversity
(ANOVA of lmer interaction between warming treatment
and time step: F2, 911p 15.8,MSEp 0.59, P! .001; table A2).
Warmed and ambient communities diverged in their
use of carbon substrates, highlighting underlying changes
in metabolism during warming (ﬁg. 2; appendix). For ex-
ample, warmed communities improved in their ability to
metabolize organic acids such as citric acid and amino acids
such as L-alanine but became worse at metabolizing the
polymer tween and sugar alcohols such as xylitol. For am-
bient communities, the opposite was true. The total change
in metabolic proﬁles was greater for warmed communities
than for ambient ones (ANOVA of lmer of distance moved
in multivariate space weighted according to the variance
explained by the principal components: F1, 18p 7.7, MSEp
10.21, P ! .05; table A3), indicating that warmed communi-This content downloaded from 155.19
All use subject to University of Chicago Press Termties showed more variation through time in the resources
they could metabolize than ambient communities.
If immigration bufferedmetabolic functional diversity, we
would expect that communities receiving immigration would
be able to metabolize more carbon sources than communi-
ties that remained closed. In agreement with this, we found
that metabolic functional diversity declined less in commu-
nities receiving immigration than in closed communities,
irrespective of the warming treatment (ANOVA of lmer in-
teraction between immigration treatment and time step:
F2, 911p 5.1, MSEp 0.19, P ! .01; ﬁg. 1B; table A2), and that
communities that received immigration had on average ap-
proximately 20% greater metabolic diversity than those that
did not. We hypothesized that immigration may have al-
lowed communities to retain the ability tometabolize complex
compounds; in fact, we found no difference in themetabolism
of recalcitrant and labile compounds between immigration
treatments (lmer of interaction between immigration treat-
ment and carbohydrate structure: F1, 453p 0.54, P1 .05; ﬁg. A5;
table A8). Shannon diversity was not signiﬁcantly different
between communities that received immigration and those
that did not; however, the higher metabolic diversity asso-
ciated with immigration may have been related to Shannon
diversity, in part because in communities that received immi-
gration Shannon diversity had a positive effect on total meta-
bolic function (number of substrates that could be metabo-
lized; ﬁg. A6). This association between Shannon diversity
and metabolic function was weak and may have been driven
by one community that was particularly diverse in both met-
abolic function and species composition. In closed commu-
nities, there was no relationship between Shannon diversity
and total metabolic function (ANOVA of lmer of interaction
between immigration and Shannon diversity: F1, 14p 16.8,
MSEp 1,377, P! .01; ﬁg. A6; table A4). These results are
consistent with the hypothesis that colonization of species
would buffer metabolic functional diversity, but this effect
is not entirely explained by immigration increasing species
diversity.Community Local Adaptation during
Environmental Change
If communities are locally adapted to their temperature re-
gime, they will have greater growth in their native condi-
tions than a community from a foreign temperature regime
and also poorer growth in foreign conditions compared to
communities native to those conditions. Because we are com-
paring two temperature treatments (ambient and high), local
adaptation is indicated by the crossing of community-reaction
norms on ﬁgure 3 (local maladaptation would be indicated
by crossing of reaction norms where growth of foreign com-
munities was greater than growth of local communities). We
expected that community local adaptation would increase8.012.147 on February 03, 2016 01:55:29 AM
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Figure 2: Change in principal components (PCs) representing metabolic function during the environmental-change experiment. The boxplots
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244 The American Naturalistduring the experiment, because if communities do not ex-
change individuals, over time there should be greater diver-
gence in species composition or relative abundances of species
between communities and also more opportunity for selec-
tion to occur, which could affect overall community function-
ing and growth. For the same reasons and also because the
immigration of conspeciﬁcs may swamp species adaptation
or limit species sorting, we also predicted that local adapta-
tion should be greatest in communities that did not receive
immigration.
Contrary to our hypothesis, immigration did not have a
signiﬁcant impact on local adaptation of communities. A large
proportion of the variation in total growth of communities
during the experiment was attributable to the temperature
regime, time step, and assay temperatures and only a small
proportion to the immigration treatment. Accordingly, in
the full model, the interaction between warming treatment,
migration treatment, assay conditions, and time step was not
signiﬁcant and was removed during model simpliﬁcation
(lmer: F7, 231p 1.81, Pp .09).
In the minimum adequate model, the interaction between
warming treatment, assay conditions, and time step was highly
signiﬁcant (lmer: F7, 261p 3.77, P! .001; table A5). This re-
sult indicates that the degree of community local adapta-
tion to the temperature regime changed over time (ﬁg. 3).
To better interpret this outcome, we analyzed local adapta-
tion separately at each time step. Growth assays performed
on days 18, 27, and 45 show that foreign communities grew
equally well as local communities of both temperature treat-
ments; therefore, in general, there was no local adaptation
early in the experiment (ﬁg. 3). The lack of interaction be-
tween temperature regime and assay conditions on these sam-
pling days also suggests that there is no local adaptation at
these sampling points (lmers of interaction between tem-
perature regime and assay conditions: day 18: F1, 9p 0.37,
Pp .56; day 27: F1, 9p 4.75, Pp .057; day 45: F1, 9p 1.00,
Pp .34). In contrast, on day 36 and from day 54 onward,
there were signiﬁcant interactions between temperature re-
gime and assay conditions (lmers of interaction between tem-
perature regime and assay conditions: day 36: F1, 9p 10.32,
Pp .01; day 54: F1, 9p 11.98, P ! .01; day 63: F1, 9p 23.92,
P ! .001; day 72: F1, 9p 27.81, P! .001; day 81: F1, 9p
14.62, P! .01), and on days 63, 72, and 81, growth of com-
munities in their local conditions exceeded that of foreign
communities, indicating that communitieswere locally adapted
(ﬁg. 3). The degree of local adaptation as indicated by the
strength of the interaction between temperature regime and
assay conditions was positively correlated with time step,
suggesting that community local adaptation increased over
time. Together, these data show that local adaptation to the
temperature regime increased during the evolution experi-
ment and that immigration did not inﬂuence community
local adaptation.This content downloaded from 155.19
All use subject to University of Chicago Press TermLocal Adaptation of Isolates
After 81 days in warmed or ambient conditions, the micro-
bial communities showed local adaptation to the temper-
ature conditions (lmer of the subset of microcosms from
which genotype isolates were taken at day 81: F1, 3p 14.13,
Pp .036; table A6), and we expected that genotype isolates
would also show local adaptation. We found that isolates
from communities selected under ambient temperature had
greater growth on average than those from the warmed treat-
ment in both ambient and warmed assay conditions, re-
gardless of the immigration treatment (ﬁgs. 4, A7). Neither
the three-way interaction between immigration treatment,
warming treatment, and assay conditions (lmer: F1, 241p 2.55,
Pp .11) nor the two-way interaction between warming treat-
ment and assay conditions (lmer: F1, 241p 0.022, Pp .88)
was signiﬁcant, indicating that isolates were not locally
adapted and that immigration did not affect this. Therefore,
we found no evidence of local adaptation of genotype iso-
lates; rather, isolates from ambient communities were ﬁtter
overall (ﬁg. 4). A linear model conﬁrmed that local adapta-
tion of communities and isolates was signiﬁcantly different
(lmer of interaction between type of population [commu-
nity or isolate] and temperature treatment on local adap-
tation: F1, 8p 8.26, Pp .021; table A7); this is driven by the
high growth of isolates from ambient communities in warm
assay conditions. These data suggest that growth responses
to a foreign environment differ between communities and the
isolates embedded within them.Discussion
Immigration had contrasting effects on community growth
between warmed and ambient treatments. Total growth was
impaired by immigration in warmed communities but en-
hanced by immigration in ambient communities. This ﬁnd-
ing is contrary to our initial hypothesis that immigration
would be beneﬁcial regardless of the warming treatments.
We had expected that colonists would include genotypes
adapted to a wide range of conditions due to long-range
dispersal of bacterial propagules, which should improve
adaptation by increasing genetic variation for selection to
act on (Tallmon et al. 2004) and by allowing colonization
of preadapted species or genotypes (de Meester et al. 2011).
Instead, our ﬁnding is consistent with colonizing microbes
coming from a local species pool that experienced the same
conditions as the ambient communities. Immigrants to am-
bient communities would then be better adapted to their
conditions than those introduced to warmed communities.
Maladapted immigrants to warmed communities would make
a poor contribution to community growth, leading to de-
creased average total growth. Although microbes have long
been regarded not to exhibit dispersal limitation, distance-8.012.147 on February 03, 2016 01:55:29 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).
Immigration and Adaptation to Warming 245decay relationships and local dispersal that could explain
our results have been found previously over short distances
(Vos and Velicer 2008) and in experiments with artiﬁcial
mesocosms facing only ambient conditions (Bell 2010).
There were declines in total community growth andmet-
abolic diversity during experimental evolution, suggesting
that experimental conditions caused declines in abundance
of some species or even local extinctions. Immigration re-
duced the loss of metabolic diversity in warmed and ambient
communities, indicating that immigration acted as a buffer
to the loss of functioning that may be associated with envi-
ronmental change. A buffering effect of immigration has been
reported in previous mesocosm experiments with zooplank-
ton exposed to environmental change (Thompson and Shu-This content downloaded from 155.19
All use subject to University of Chicago Press Termrin 2012). In theory, the species that should be most readily
lost when growth rates decline are rare species (Gonzalez and
Chaneton 2002), and in decomposer communities these tend
to be slow-growing specialists that metabolize recalcitrant
compounds (McGuire and Treseder 2010). We found no ev-
idence that metabolism of recalcitrant compounds was pre-
served by immigration. Another possibility is that immigra-
tion prevents loss of metabolic functioning by maintaining
high species diversity through a balance of immigration
and extinction (Loreau and Mouquet 1999). Immigration
did not affect Shannon diversity here, however. Communities
that received immigration therefore had either more varied
resource use across species or constituent species that each
used a wider range of metabolic resources. Our speculationCommunities Isolates
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Figure 4: Mean growth of communities and isolates sampled at day 81 in different assay conditions. Error bars display 5SE of the mean
total growth of three communities and of the mean growth of isolates sampled from those three communities. A, Total growth of commu-
nities in warmed and ambient assay conditions. B, Total growth of isolates in warmed and ambient assay conditions.8.012.147 on February 03, 2016 01:55:29 AM
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246 The American Naturalistthat immigration caused an increase in generalists is consis-
tent with the theory that generalists should be more success-
ful colonists (Dall and Cuthill 1997) and agrees with the out-
come of an experiment by Székely et al. (2012) that reported
that when microbial communities were transplanted between
environments of different salinity an overrepresentation of
generalists was associated with enhanced functioning.
Local adaptation of communities became stronger dur-
ing the experiment, consistent with our initial hypothesis.
We argue that this may have occurred because the longer
communities were exposed to the temperature regimes, the
greater the effect of processes such as species sorting or spe-
cies adaptation to the abiotic conditions. Species-speciﬁc re-
sponses to temperature could have contributed to divergent
community growth and metabolic functioning between tem-
perature treatments. In support of this, there was a marked
divergence in the metabolic proﬁles of warmed and ambi-
ent communities, indicating that the metabolic functions
lost at the start differed between the treatments. Therefore,
in the warmed communities, different species were sensi-
tive to the environmental change than those lost in the ambi-
ent communities. Species-speciﬁc responses to warming in
fungal communities have also been found to cause shifts in
community composition, with consequences for ecosystem
functioning (Dang et al. 2009). This is notable because the
provision of ecosystem services may rely on the balance be-
tween different taxa; for example, the ratio of fungi to bac-
teria in soil can affect decomposition rates (Güsewell and
Gessner 2009). An alternative explanation is that commu-
nity growth and functioning may have been contingent on
changes that occurred early in the experiment and therefore
differences between communities would increase over time,
even without ongoing species sorting or evolution. How-
ever, variance between replicate communities of the same
treatment did not increase signiﬁcantly over time and was
small compared to variance between treatments, indicat-
ing that the responses to the temperature regimes were con-
sistent between replicates. Therefore, community local ad-
aptation was unlikely to have been driven only by chance
effects early in the experiment and was more likely due to
the ongoing temperature regimes and ecological and evolu-
tionary outcomes arising from them.
Contrary to our expectations, immigration did not decrease
community local adaptation, indicating that there was not a
strong homogenizing effect of immigration in this experi-
ment. In our experiment, we estimate that at least 108 cells
were introduced in the immigration treatment every 9 days,
but if colonization depends on rare events that transfer large
amounts of material, for example, a dead animal falling into
a tree hole, then immigration might have larger impacts in
real systems. Alternatively, the relatively small effect of im-
migration could reﬂect high diversity and functional redun-
dancy of local bacterial communities so that preadapted formsThis content downloaded from 155.19
All use subject to University of Chicago Press Termare present and can increase in abundance even in a closed
local community.
In order to identify potentialmechanisms behind commu-
nity responses, we compared community-wide patterns with
the local adaptation of samples of genotype isolates. Isolates
from ambient communities grew better in warmed and am-
bient conditions compared to isolates that were sampled from
warmed communities. Hence, in contrast to communities,
genotype isolates did not show local adaptation. Genotypes
were isolated at an intermediate temperature, meaning that
genotypes from both warmed and ambient treatments may
have had some opportunity to acclimate to the foreign tem-
perature conditions.Wewould not expect, however, that this
would result in isolates from ambient communities growing
better in both warmed and ambient conditions, as we found.
As far as we are aware, the idea that community local adap-
tation can be very different from or even independent of
adaptation of component genotypes has not been tested pre-
viously. Some studies have investigated how local adapta-
tion of genotypes varies spatially and temporally (e.g., Belotte
et al. 2003; Kraemer et al. 2015), while others have investi-
gated the contribution of species sorting to changes in eco-
logical functioning of the whole community (McClellan et al.
2008). Experiments linking local adaptation of species with
that of their community have been lacking, despite theory
that links species’ physiological and evolutionary responses
to ecological responses of the community (Collins andGard-
ner 2009).
Our results match other ﬁndings that show that the dy-
namics of single species do not always correlate predict-
ably with their dynamics when in a group (Fridley 2002;
Schmidtke et al. 2010). One reason could be that the dy-
namics of the isolates depend on whether other species are
present—for example, through quorum sensing, bacteria can
alter the chemicals that they produce (Miller and Bassler
2001)—or alternatively, species may rely on the presence
of others to obtain resources (Lawrence et al. 2012). There-
fore, a species that may grow well in isolation could be hin-
dered when in the community (or vice versa). Our data show
that genotype isolates from ambient communities performed
better than expected when removed from the biotic environ-
ment that they had experienced during the evolution exper-
iment. This suggests that interactions within these commu-
nities were antagonistic on average, whereas the growth of
isolates taken from warmed communities followed a similar
pattern to that of the community, suggesting that on average
there was a balance between positive and negative interac-
tions in warmed communities. Hence, the prevalence of an-
tagonistic, neutral, and synergistic interactions in these com-
munities depended on the environmental conditions during
experimental evolution. Although we cannot elucidate the
mechanisms behind the altered interactions reported here,
previous work using simpliﬁed microbial communities has8.012.147 on February 03, 2016 01:55:29 AM
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ture of species interactions, with consequences for commu-
nity functioning (Lawrence et al. 2012; Andrade-Dominguez
et al. 2014).
In conclusion, immigration affected community growth
and functioning but did not inﬂuence community local ad-
aptation, which became stronger the longer the tempera-
ture regimes were imposed. Generally, bacterial communi-
ties were locally adapted to the prevailing temperature, yet
genotypes that comprise the communities were not locally
adapted. We propose that this reﬂects the importance of
species interactions in determining community growth and
functioning, as indicated by experiments with fewer species
in the laboratory. In line with prior theory, the effects of
immigration depended on environmental context as well
as which aspect of community function was measured. Our
results have implications for the robustness of community
functioning to environmental change. For example, onemight
predict that ecosystem functioning would be degraded if com-
ponent species do not adapt to environmental change; how-
ever, our results show that growth and functioning of micro-
bial communities may be maintained, at least in the medium
term, even if species are not locally adapted. More studies are
now needed to track responses of natural bacterial communi-
ties in detail and to quantify the relative roles of immigration,
evolution, and changes in species interactions in ecosystem
responses to environmental change.Acknowledgments
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